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An  aluminum-17 . 5 weight  percent  copper  alloy  was  warm  rolled 
to  achieve  refinement  of  the  microstructure.  This  refined 
microstructure  consisted  of  finely  dispersed  intermetallic  Al2Cu 
particles  with  an  average  size  of  1.2  microns  in  an  aluminum 
matrix.  This  led  to  improved  room  temperature  properties  as  well 
as  the  onset  of  superplasticity  at  elevated  temperatures. 

Ductility  and  toughness  were  increased  almost  six-fold. 


CUNITv  CLASSIFICATION  OF  THIS  NAOCrNHan  D*t.  IMMI 


despite  slightly  decreased  yield  strength  and  Maximum 
oompresaive  strength.  It  would  appear  that  warm  working 
oan  be  used  to  enhance  both  room  temperature  properties 
and  superplastioity,  and  that  further  research  could 
maximise  this  improvement. 
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Ad  alUBinua-17.5  weight  percent  copper  alloy  was 
ware  rolled  to  achieve  refineaent  of  the 
aicrostractare.  This  refined  eicrostractare  consisted 
of  finely  dispersed  internetallic  il2Cu  particles  with 
an  avarage  size  of  1.2  aicrons  in  an  aluainua  aatriz. 
This  led  to  iaproved  rooe  teaperature  properties  as 
well  as  the  onset  of  snperplasticity  at  elevated 
teeperateres.  Ductility  and  toughness  were  increased 
aleost  siz-fold,  despite  slightly  decreased  yield 
strength  and  aaxiaua  coapressive  strength.  It  would 
appear  that  wara  working  can  be  used  to  enhance  both 
rooa  teaperature  properties  and  superplasticity,  and 
that  farther  research  could  aaziaize  this  iaproveaent. 
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I.  IMIflSflgSIigl 


The  original  goal  of  this  research  program  was  to 
investigate  the  rooa  teaperature  properties  and  elevated 
teaperatnre  superplasticity  of  the  aluainun-copper  eutectic 
systea  as  a function  of  coaposition  and  vara  rolling. 
Aluainua-copper  was  chosen  because  of  its  non-reactive 
nature  and  ease  of  fabrication.  1 eutectic  systea  was 
chosen  because  no  previous  attespts  had  been  aade  to 
evaluate  the  change  in  rooa  teaperature  properties  of  a 
eutectic  systea  due  to  vara  rolling.  The  goal  stated  above 
was  never  set,  as  casting  and  rolling  procedures  took 
extensive  trial  and  error  refineaent.  The  copper  content 
was  reduced  froa  the  eutectic  coaposition  to  facilitate  vara 
rolling  and  only  one  vara  worked  condition  was  produced. 
This  condition  was  an  aluainua-17.5vt.Xcopper  alloy  vara 
rolled  to  a true  strain  of  150%.  The  ground  work  for 
further  research  was  performed. 

Many  researchers  have  investigated  vara  rolling  as  a 
aeans  to  produce  an  ultrafine  aicrostructure  which  leads  to 
superplasticity.  However,  few  efforts  have  been  aade  to 
correlate  this  research  with  the  resulting  rooa  teaperature 
properties.  ■ Skerby  (lef.  1)  is  a aajor  exception.  Bis  work 
oa  ultra-high-car bo a steels  has  produced  results  that  are 
being  described  as  a metallurgical  breakthrough.  There  is  a 
need  to  iavestigate  other  materials  for  the  saae  tendency 
toward  increased  ductility  and  toughness  at  rooa 
teaperature,  with  elevated  teaperature  superplasticity. 
This  correlation  of  rooa  teaperature  properties  cannot  be 


8 


The  results  of  this  research,  although  short  of  the 
original  goal,  sere  extreaely  promising.  it  rooa 
teaperature,  ductility  was  increased  greatly  in  cospression 
testing.  Although  yield  strength  and  naxiaun  compressive 
strength  decreased  slightly,  toughness,  as  aeasured  by  the 
area  under  the  stress-strain  curve,  was  increased  six-fold. 
Hicrostructural  analysis  revealed  a fine  dispersion  of 
interaetallic  particles,  averaging  1.2  aicrons,  in  an 
aluainua  aatrix.  This  refineaent  eliainated  the  cracking 
which  mas  characteristic  of  the  failure  of  as-cast 
specimens,  m addition  to  improving  the  rooa  teaperature 
properties,  the  wars  worked  aaterial  exhibited  the  onset  of 
superplastic  behavior  at  elevated  teaperatures.  In  this 
region,  the  results  were  coapatible  with  those  reported  by 
other  researchers  investigating  superplasticity.  These 
results  indicate  that  both  rooa  teaperature.  properties  and 
superplasticity  can  be  enhanced  by  vara  rolling.  How  that 
the  groundwork  has  been  laid,  it  is  recoaaended  that  further 
research  he  perforaed  to  extend  both  the  data  base  and  the 
understanding  of  it. 
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This  research  progras  required  tedious  trial  and  error 
procedure  refinement  to  develops  reproducible  castings  of 
aluainus-copper  alloy  having  a fine  hoaogeneous 
■icrcstrocture  without  porosity  or  other  casting  defects. 
Hars  rolling  procedures  vere  then  developed  which  broke  up 
the  cast  laaellar  structure  into  a fine  dispersion  of 
interaetallic  grains  in  an  alusinua  natrix.  As  these  two 
aspects  of  the  research  prograa  vere  being  developed, 
optical  and  scanning  electron  aicroscope  procedures  were 
used  which  enabled  observation  and  analysis  of  the  resultant 
■icrostructure.  Finally,  aechanical  testing  procedures  were 
developed  that  produced  consistent,  accurate  data  for 
analysis  of  the  effects  of  wars  working. 


A 


CASTING 


Casting  was  the  crucial  first  step  in  this  research 
prograa.  Halted  aelting  and  casting  facilities  at  the 
Naval  Postgraduate  School  necessitated  an  extended  trial  and 
error  procedural  developaent.  The  goal  in  casting  was  to 
produce  a fine  homogeneous  aicrostructure,  free  of  such 
defects  as  porosity  and  inclusions  which  would  result  in 
poor  saterial  properties.  Additionally,  the  casting 
procedure  developed  had  to  be  reproducible  and,  therefore, 
controllable.  Early  castings  were  plagued  by  porosity  and 
inclusions  such  as  those  shown  in  figure  1.  Both 
sicrographs  in  figure  1 show  fracture  surfaces  fron  cast 
aaterials  which  failed  preaaturely  during  warn  rolling. 
Casting  involved  material  considerations,  aelting  and 
pouring  procedures,  and  finally  , a method  of  quantitative 
composition  measurement.  Bach  of  these  subjects  will  be 
described  in  detail. 


Figure  1 - SCAIVXMG  ELECTBOB  HICBOGBAPHS  OF  THE  FB ACTOBE 
SOBFACES  OF  CAST  Al-25.5BT.XCu  AT  700X. 
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i . uaisiials 


The  raw  aaterials  to  be  alloyed  were  the  first 
casting  consideration.  Stock  1100  aluninna  in  the  forn  of 
rolled  sheets  22  ca  in  length,  2 cs  wide,  and  .32  cn  thick 
was  sheared  into  squares  2 cn  on  a side  for  ease  of 
placeaent  in  a crucible.  These  were  sheared  because  less 
local  nelting  would  occur  than  by  cutting  with  a band  saw. 
This  localized  nelting  would  result  in  alunina  foraation  and 
thereby  increase  resultant  inclusions  in  the  casting. 

The  fora  in  which  copper  was  added  to  the  aluainua 
was  critical,  as  the  furnace  teaperature  was  to  be  kept  as 
low  as  possible  to  avoid  porosity.  Thus  the  only  nechanisns 
for  aizing  were  dissolution  and  diffusion  of  the  copper 
through  the  aolten  aluainua.  Therefore,  a high  surface  area 
for  the  copper  was  provided  by  using  (99. 9%  pure)  copper 
shot  approziaately  .15  ca  in  diaaeter.  In  this  way  adequate 
dissolution  and  diffusion  were  accoaplished  without  the 
detriaental  effects  of  a high  nelting  teaperature. 

i final  point  of  isportance  in  the  aaterials  aspect 
of  nelting  was  the  order  of  adding  coaponents  to  the 
crucible.  By  placing  the  copper  shot  below  the  aluainua, 
less  ozidation  of  the  copper  and  eliaination  of  resultant 
cold  shuts  aad  inclusions  were  achieved.  In  early  castings, 
where  this  was  not  done,  incoaplete  dissolution  of  the 
copper  shot,  due  to  a protective  ozide  cover,  resulted  in 
whde  pieces  of  copper  being  present  in  the  casting, 
idditioaallj,  the  alloying  aaterials  were  cleaned  to  keep 
surface  ezidation  and  other  environaental  iapurities  froa 
entering  the  aelt. 
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2.  flsliina 


Belting  procedures  were  developed  which  resulted  in 
a bcaogeneouf  casting,  free  of  inclusions  and  porosity.  The 
best  salting  tesperature  was  found  to  be  978°K.  This  was  a 
coaproaise  between  high  dissolution  and  diffusion  rates  for 
copper  in  alusinus  and  aininization  of  porosity.  Below 
923°K  the  dissolution  and  diffusion  cf  copper  reguired  ten 
to  twelve  hours  to  achieve  adeguate  alloying  with  the  aolten 
aluainua.  Above  1023°K  the  resultant  castings  began  to 
exhibit  extensive  porosity  and  the  for nation  of  aluaina 
inclusions.  At  978°K  it  was  necessary  to  allow  one  hour  for 
the  aluainua  to  aelt  and  for  initial  dissolution  and 
diffusion  of  the  copper  t 6 occur.  The  aelt  was  then  stirred 
with  a clean  stainless  steel  rod  preheated  to  423°K  to 
reduce  aoisture  carry-over  into  the  aelt.  This  stirring 
increased  the  diffusion  rate  of  the  copper  by  iaproving  the 
gradient  near  the  copper  shot.  Stirring  also  necessitated 
the  use  of  a clay-graphite  type  crucible  since  ether 
crucibles  would  not  aaintain  their  structural  integrity  at 
978°K  with  stirring.  The  aelt  was  stirred  again  in  thirty 
ainutes,  after  which  it  was  allowed  to  settle  for  one  and  a 
half  hours,  which  further  reduced  porosity  and  aluaina 
inclusions.  Figure  2 shows  the  crucible  and  furnace  used 
during  aelting. 


Figure  2 


- FUBIACE  AID  CLAY-GBAPHITE  GBOCIBLE  USED  II  THE 
HS1TIIG  OF  ALOBIIOH  AID  COPPEB. 
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3.  fsaiijia 


Pouring  procedures  were  extrenely  ieportant  in 
achieving  a controllable  fine  grain  size,  A cast  iron  sold 
use  used  that  produced  a billet  17.75  cs.  long,  3.6  ca. 
wide,  and  2.75  ca.  deep.  This  sold  was  placed  in  water  with 
the  level  just  below  the  top  of  the  aold.  The  aelt  was 
poured  into  the  aold,  and  the  water  level  was  raised  so  as 
to  subaerge  the  entire  casting.  A hose  was  used  to  keep  the 
acid  surroundings  flushed.  Figure  3 shows  the  cast  iron 
sold  in  the  configuration  ready  for  pouring.  These 
procedures  resulted  in  a controlled  rapid  cooling  of  the 
casting.  By  way  cf  coaparison,  figure  4 shows  the  resulting 
aiciostructure  of  (1)  a slowly  cooled  casting  and  <B)  a 
droplet  that  was  solidified  in  direct  contact  with  water. 
The  aicrcstructure  resulting  froa  the  above  procedures  is 
shewn  in  figure  5 and  proved  to  be  only  slightly  aore  coarse 
than  this  uncontrolled,  but  very  rapid,  water  quench.  The 
aicrostructure,  in  fact,  becaae  so  fine  as  to  necessitate 
scanning  electron  aicroscopy  for  greater  nagnification  and 
resoluticn  of  ainute  details  that  were  beyend  the  liaits  of 
optical  sicroscopes. 
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Figure  3 - CAST  XBOI  HOLS  XI  TBB  IATEB  BATH  OSZD  FOR 
BAFX01X  QOBICBXMG  AL-CO  BELTS. 
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Figure  4 - OPTICAL  MICROGRAPH  OF  AL-25Wt.%CU  CASTINGS  FOR 
DIFFERENT  COOLING  RATES  AT  40 OX. 

18 


Figure  5 


- OPTICAL  BXCBOGRAPH  OF  AL-17.5«t .ECU  CASTING  FRON 
IBB  ADOPTED  CASTING  PROCEDURE  AT  800Z. 
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After  the  first  casting  was  aade,  the  najor  problea 
vas  to  deter sine  the  coaposition.  It  eas  decided  that  using 
the  density  cf  the  alloy  and  the  lever  rule  along  eith  the 
eguilibrina  phase  diagraa  would  yield  results  accurate 
enough  for  this  research  prograa.  The  density  of 
aluainua-copper  alloys  for  three  different  coapositions  vas 
found  in  reference  (2) . Proa  this  data  a siaple  agnation 
eas  the  result. 

Wt.*Cu  = (1.25311-3.3208//^^)  x ioo  (1) 

The  density  of  the  alloy  vas  deterained  by  the  differential 
weight  aethod  . The  results  of  applying  the  above  equation 
coapared  veil  with  aicroscopic  observations  and  were  deeaed 
accurate  vithin  1 vt.XCu  based  on  the  data  used  to  derive 
this  equation  and  the  accuracy  of  the  density  aeasureaent. 

B.  BABB  BOLLIBG 


Bara  rolling  is  a relatively  recent  developaent  in 
aicrcstructural  refineaent.  In  the  case  of  the 
aluaiaaa-coppez  systea  the  laaellar  eutectic  structure  can 
be  broken  into  fine  discrete  particles.  To  achieve  this 
refineaent.  it  vas  necessary  to  closely  control  the  as-cast 
aicxostrectere,  the  teaperature,  and  the  strain  rate  during 
vara  rolling.  la  this  sense  equipaent  liaitations  were 
gaits  profound.  The  rolling  Bill  used  for  this  nock  was 
designed  priiarily  for  cold  rolling  and  had  liaited  control 
of  the  roll  bite.  A separate  furnace  vas  installed,  but 
speciaens  had  to  be  transferred  a distance  froa  the  furnace 
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to  the  telling  Bill  which  resalted  in  large  teaperature 
variations.  A aaterial  preparation  and  rolling  procedure 
were  developed  vhich  resalted  in  strains  up  to  150X,  and 
vbich  were  ultiaately  liaited  aore  by  speciaen  ' size 
regaireaents  than  eguipaent  liaitations. 

/ 

The  solidified  casting  was  silled  to  a sguare  cross 
section  vith  sufficient  aaterial  reaoved  to  exclude  any 
surface  defects.  This  operation  resulted  in  three  pieces 
approxiaately  S ca  in  length  with  2 ca.  sides.  It  vas 
necessary  to  separate  the  original  casting  into  three  pieces 
for  it  to  fit  into  tbe  vara  rolling  oven.  These  specinens 
sere  then  finely  sanded  vith  3/0  sanding  wheels.  Since  any 
surface  defects  and  sharp  edges  would  be  sites  for  crack 
initiation  during  vara  rolling,  this  sanding  was  helpful. 
The  wars  rolling  oven  vas  preheated  to  783°K.  Since  the 
internetallic,  A1  2Cuf  does  not  exhibit  any  degree  of 
ductility  below  623°K,  and  because  of  a 75°K  to  150°K 
speciaen  teaperature  drop  during  rolling,  783°K  was  chosen. 
Additionally,  above  that  teaperature,  localized  aelting  vas 
experieacod  daring  furnace  controller  cycling.  Figure  6 
shews  the  rolling  aill  and  furnace  used  for  warn  rolling. 
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- TBZ  BOLLING  BILL  AND  PQBNACB  USED  FOB  HABH 
BOLLING  OF  TBE  AL-CO  ALLOT. 
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2*  Him  fialliM 


The  waze  rolling  procedure  was  also  a trial  and 
error  developaent.  A greater  strain  rate  was  possible  as 
the  copper  content  was  lowered  and  as  the  nicrostructure 
becaae  finer.  These  were  the  eajor  notivating  factors  for 
reducing  the  copper  content  to  17.5%  and  for  further  grain 
refineaent  during  casting.  figure  7 shows  the  fracture 
surface  of  a specieen  that  failed  during  ware  rolling  with 
less  than  5%  strain.  It  contained  over  31%  copper  and  had  a 
relatively  coarse  nicrostructure. 

The  rolling  nill  could  be  adjusted  in  0.0025  an 
increaents.  By  adjusting  roller  speed  and  separation  the 
strain  rate  was  aaintained  between  0.006/sec  and  0.008/sec 
with  approxiaately  0.75%  true  strain  per  pass.  Each 
speciaen  was  flop  rolled  three  tines  at  each  roller  setting. 
This  was  done  to  all  specinens  at  eight  to  ten  settings  and 
then  they  were  allowed  to  anneal  for  fifteen  ainutes.  This 
procedure  was  continued  up  to  a true  strain  of  100%  , at 
which  tiae  the  sound  of  rolling  initiation  becaae  less 
sharp.  This  sound  indicated  that  the  aaterial  was  becoaing 
note  ductile.  The  strain  rate  and  strain  per  pass  were  then 
increased  continually  until  the  final  pass  at  a strain  rate 
of  0.05/sec  and  a true  strain  of  6%.  i total  strain  of  150% 
was  achieved  on  the  Al~17.5wt.%Cu  cast  specinens. 


3.  fUssis  of  sail  Roiiiaa 


The  purpose  of  wars  rolling  was  to  break  up  the 
skeletal  cast  sicrostructure,  which  was  brittle,  into  a 
discreet  dispersion  of  interaetallic  particles  which  would 
be  sore  ductile.  As  the  cast  structure  becase  finer,  wars 
rolling  becase  easier,  and  the  resultant  wars  rolled 
sicrostructure  becase  finer.  Figure  8 shows  scanning 
electron  licrographs  of  the  cast  structure  and  the  resultant 
wars  rolled  sicrostructure  after  150*  strain.  Particularly 
isportant  was  the  fine  sub~sicron  size  particles  dispersed 
throughout  the  wars  colled  sicrostructure. 


C.  8ICBCSCCPT 


The  ability  tc  resolve  fine  sicrostructures  was  an 
isportant  aspect  of  this  research.  Initially,  optical 
aicroscopy  was  considered  sufficient  for  observing  the  cast 
structure;  however,  as  finer  grain  size  was  achieved,  the 
sicrostructures  exceeded  the  capabilities  of  the  optical 
sicroscopes.  The  scanning  electron  sicroscope  was  then 
esployed  to  resolve  these  ainute  details.  Hagnifications  up 
to  8000Z  were  used,  for  instance,  to  investigate  sone  cf  the 
finer  discreet  particles  as  shown  in  figure  8B. 


FigttC*  8 - SCAM II IG  ELECT HOB  BXCBOGBAPHS  OP  AL- 17 .Sit.SCO . 
i.  CAST  B.  BABB  BOLLED  AT  1200X 
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All  speciaens  were  ground,  polished,  and  etched  in 
the  sane  aanner,  except  for  fracture  surfaces.  These 
speciaens  were  selected  and  cut  fros  the  bulk  aaterial  with 
an  abrasive,  water-cooled,  cut-off  wheel.  They  were  then 
ground  successively  with  Sic  grit  50  and  320  on  grinding 
belts.  The  speciaens  were  then  hand  sanded  with  eaory  grit 
0 and  3/0,  after  which  they  were  ready  for  polishing. 
Polishing  was  perforaed  on  broadcloth  rotary  wheels  with 
aluaina  slurries  of  15  aicron  and  .05  aicron  particles. 
This  procedure  resulted  in  a highly  polished  speciaen 
surface  ready  for  etching. 

Several  etchants  were  available  for  Al-Cu  alloys. 
Initially  Kellers  etchant  was  used  (Ref.  3) , but  it  proved 
difficult  to  distinguish  the  two  phases,  For  that  reason, 
5*  BP  acid  in  water  was  used.  This  etchant,  however,  did 
not  show  the  aluainua  grain  boundaries.  Hith  this  etchant, 
preferably  over  a week  old,  20  to  25  seconds  of  subaergence 
was  sufficient  for  an  effective  interaetallic  etch. 
Hhenever  a fresh  batch  of  etchant  was  used,  extensive 
over-etching  resulted.  This  effect  will  be  seen  in  later 
scanning  electron  aicrographs. 
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2.  Microscopic  Observation^ 


Optical  aicroscopy  was  conducted  on  Bausch  and  Loab 
and  Zeiss  optical  sicroscopes  in  the  saterial  science 
laboratory,  at  aagnifications  up  to  800Z.  The  Zeiss  optical 
sicroscope,  equipped  for  polarized  light,  revealed  no 
additional  aspects  of  the  alloy.  Optical  aicroscopy  was 
abandoned  when  the  sicrostructure  of  the  speciaens  becane 
too  fine  tc  be  adequately  observed  at  800Z  aagnif icaticn. 

Scanning  electron  aicroscopy  allowed  auch  greater 
detail  of  the  alloy  to  be  observed.  The  scanning  electron 
sicroscope  in  the  aaterial  science  laboratory  was  used  for 
all  observations  and  photographs.  initially,  the  A^Cu 
phase  was  differentiated  fron  the  aluainun  phase  by  energy 
dispersive  a-ray  spectroscopy,  and  it  was  discovered  that 
the  interaetallic  appears  lighter  in  scanning  electron 
aicrographs.  Since  all  speciaens  were  polished  and  etched, 
the  largest  aperture  was  used  which  gave  less  depth  of  field 
but  better  resolution,  scanning  electron  aicroscopy  proved 
to  be  very  helpful  in  observing  the  sicrostructure  at  up  to 
8000Z  aagnification  and  thereby  helped  in  correlating  the 
properties  to  the  sicrostructure. 
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HECBANICAL  TESTING 


After  the  alloy  had  been  cast,  wars  rolling  was 
accomplished,  and  sicroscopy  had  revealed  the  desired 
aicrostructure,  it  was  possible  to  investigate  the  resulting 
mechanical  properties.  It  was  decided  that  compression 
testing  would  result  in  a greater  data  base  for  tie  limited 
material  and  time.  Additionally,  compression  test  specimens 
were  manufactured  more  easily  than  other  specimen 
configurations.  Specimens  were  machined  as  0.25  cm  cubes. 
Compression  tests  were  conducted  on  an  Instron  mechanical 
testing  machine,  with  an  attached  oven  for  elevated 
temperature  testing.  This  eguipment  is  shown  in  figure  9. 
Twc  types  of  testing  were  conducted.  Boom  temperature 
compression  tests  of  the  cast  specimens  and  the  warn  rolled 
specimens  were  conducted  for  mechanical  property  comparison. 
Secondly,  elevated  temperature  compression  tests  were 
performed  only  on  the  warm  rolled  specimens  to  investigate 
some  of  the  acre  refined  areas  of  the  alloy's  behavior,  such 
as  strain  rate  sensitivity,  activation  energy,  and 
superplasticity. 


r1 


Figar*  9 - THE  XHSTBOB  BSCBAHXCAL  TBST  BACH IBB  IB  TBB 
COBPB1SSICB  TBST  C0BFI6QBATI0B  BITS  TBB  OTBH  ATTACHED. 


0*4  1-  l££l  ZSft£fiUl£££  CfilJBgmlgfl  Testing 

Booa  teaperature  compression  tests  were  conducted  to 
detereine  stress- strain  behavior  of  the  cast  speciaens  and 
the  wars  rolled  speciaens  for  cosparison.  Six  speciaens  of 
each  aicrostructural  condition  were  tested,  three  in  the 
longitudinal  direction  and  three  in  the  transverse  direction 
relative  to  the  casting  or  rolling  axis.  This  procedure 
indicated  that  both  the  as  cast  and  the  warn  rolled 
aaterials  were  essentially  isotropic.  In  addition  to  these 
tests,  speciaens  were  tested  at  six  different  crosshead 
speeds  at  rcca  teaperature  to  investigate  the  strain  rate 
sensitivity. 

2*  ISlBgtaiu.tf  CoiBcession  Testing 

Elevated  teaperature  coapression  tests  were 
perforaed  on  the  ware  rolled  speciaens  only.  These  tests 
were  conducted  at  six  different  crosshead  speeds:  0.0051, 
0.0127,  0.0254,  0.051,  0.127,  and  0.254  ca  per  ainute. 
Additionally,  nine  teaperatures  were  used  ranging  froa  rooa 
taaperature  to  750°K.  These  tests  were  conducted  to 
evaluate  stress-strain  behavior  at  elevated  teaperature, 
strain  rate  sensitivity  as  a function  of  teaperature,  and 
activation  energy  as  a function  of  teaperature  and  flow 
atzess. 
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3.  SlSfiAll  CgBgjjWfltigflS 


Caring  compression  testing  of  any  aoderately  ductile 
naterial  it  is  necessary  to  lubricate  the  specimens  end 
surfaces.  This  is  done  to  sinisize  the  barrelling  of  the 
unloaded  sides  which  is  an  indication  of  a triazial  state  of 
stress.  These  unwanted  stresses  were  alnost  completely 
eliminated  in  this  research  by  using  teflon  tape  at  low  and 
sedium  temperatures  and  solybdenua  disulfide  spray  at  high 
temperatures,  1 triazial  stress  state  developes  as  the 
specisen  length  diaension  becomes  saall  compared  to  the 
cross  section.  This  effect  was  elininated  by  ignoring  any 
data  beyond  an  inflection  point  on  the  stress-strain  curve, 
characteristic  of  this  phenonenon.  Usually,  this  inflection 
point  occurred  at  a true  strain  of  approziaately  130*. 
Since  the  Instron  testing  aachine  relies  on  the  deflection 
of  a bean  fer  load  seasuresents,  compensation  sust  be  aade 
for  this  deflection  in  order  to  obtain  accurate  aeasureaent 
of  change  in  specisen  length.  The  test  nachine  was  loaded 
with  no  specisen  involved,  and  a spring  constant  of  454,000 
Teutons  per  cs  was  recorded.  The  resultant  nachine 
deflection  was  subtracted  from  recorded  speciaen  deflection. 
This  procedure  resulted  in  sore  accurate  seasuresents  of 
specisen  length  and  cross  section.  The  sodulus  of 
elasticity  could  not  be  neasured  accurately,  however,  with 
only  this  correction. 


«.  jin  BadjgiAgB 


Data  was  racordad  on  an  aatoaatic  chart  cacordar 
calibrated  for  tha  tacts.  This  racord  gave  load  as  a 
function  of  tine,  which  was  converted  to  true  stress  versus 
true  strain.  Conversion  was  acconplished  b;  listing  load 
and  net  change  of  length  for  the  speciaen  and  dividing  load 
by  instantaneous  cross  sectional  area.  These  results  were 
plotted,  and  the  flow  stress  at  a strain  of  151  vas  used  in 
all  subsequent'  elevated  tesperature  calculations. 


III.  BBSPLIS  AMD  DISCUSSIOM 


The  vara  rolled  Al-17.5wt.SCa  alloy  had  a very  fine, 
dispersed  aicrostructure  wherein  the  Al2Cu  interaetallic 
particles  were  found  to  average  about  1.2  nicrons  in 
diaaeter.  This  breaking-up  of  the  skeletal  structure  of  the 
cast  A12Cu  led  to  a greatly  increased  strain  to  fracture  but 
reduced  the  yield  stress.  The  aaxiaua  coapressive  stress 
was  only  slightly  effected,  and  hence  there  was  a.  six-fold 
increase  in  toughness,  as  inferred  froa  the  area  under  the 
stress-strain  curve.  leither  the  cast  saaples  nor  the  warn 
worked  saaples  exhibited  any  significant  strain  rate 
dependence  of  the  flow  stress  at  rooa  teaperature;  also  no 
anisotropic  behavior  was  observed.  The  vara  worked  aaterial 
did  display  strain  hardening  whereas  the  cast  aaterial  did 
not.  The  cast  speciaens  failed  doe  to  the  cracking  of  the 
interaetallic  skeletal  structure,  while  the  wara  worked 
aaterial  bad  no  such  structure  wherein  cracking  would  cccur. 
At  elevated  teaperature  the  flow  stress  of  the  wara  rolled 
aaterial  was  found  to  be  dependent  on  both  teaperature  and 
strain  rate.  At  high  teaperatures  the  strain  rate 
sensitivity  was  found  to  approach  values  indicative  of 
superplasticity.  The  calculated  activation  energies  show 
three  distinct  regions  of  behavior,  two  of  which  correspond 
to  aechanisas  associated  with  pure  aluainua.  The  third 
region,  at  high  teaperature  and  low  stress,  was  also 
indicative  of  the  onset  of  superplastic  behavior.  This 
coabinatica  of  high  rooa  teaperature  toughness  and 
superplasticity  was  considered  a significant  iaproveaent. 
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HIC SCSI fOCTUBAL  CHABACTEBIZATIOB 


The  effectiveness  of  vacs  working  to  refine  the 
siczostructnre  is  dependent  on  tesperature,  strain  rate,  and 
strain  (Bef.  1).  The  finest  particle  size  would  be  achieved 
when  the  highest  strain  rate  possible  was  used  at  the  lowest 
tesperature  peraissible  to  induce  as  such  strain  as 
possible.  Figure  10  shows  the  aicrostructure  of  the  ware 
relied  11-17. 5wt.%Cu  alloy  at  sagnifications  of  1300X, 
26001,  and  8000X.  The  average  size  of  the  A1  2 Cu 
intersetallic  particles  was  calculated  to  be  1.2  eicrcns  by 
using  the  average  lineal  intercept  aethod.  Although  this  is 
a relatively  fine  particle  size,  it  is  apparent  that  an  even 
finer  nicxcstructure  could  be  achieved  if  it  were  broken 
into  sore  of  the  sub-aicroo  particles  revealed  at  2600X  and 
8000X  aagnif ication.  It  is  generally  accepted  that  this 
refineaent  takes  place  by  shearing  of  the  intersetallic 
grain  boundaries  and  plastic  flow  of  the  grains  in  general. 
These  aecha cisas  are  controlled  during  wara  rolling  by  the 
teaperature  and  the  strain  rate.  Additionally,  grain  growth 
is  controlled  by  teaperature.  It  is  apparent  that  a lower 
teaperature  would  result  in  a finer  grain  size  for  a given 
strain  rate.  The  grain  refineaent  shown  in  figure  10  is  by 
no  aeans  the  ultiaate.  A greater  degree  of  control  over 
teaperature*  strain  rate,  and  strain  would  be  necessary  to 
achieve  that  goal. 


A. 

1350X 


Figure  10  - SCABBING  BLBCTBON  NICBOGRAEHS  OP  THE  KAHN 
ROLLEE  il-17.5Ht.SC0  ALLOT  AT  TABIOOS  NAGMIPICAT1CHS. 
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B.  BOOB  TEBPERATORE  PROPERTIES 


figure  11  is  a plot  of  true  stress  versus  true  strain 
for  the  as  cast  aaterial  and  the  wars  rolled  aaterial  for 
tests  at  roos  temperature.  These  are  representative  curves 
for  each  aaterial.  True  strain  was  terninated  at  100X, 
although. scae  warm  worked  specimens  displayed  strains  in 
excess  of  140X  before  triaxiality  voided  the  results.  The 
hardness  cf  each  material  was  measured  on  the  Rockwell  B 
scale,  As-cast  specimens  exhibited  hardness  in  the  range  of 
Bb  55  to  60,  with  the  warn  worked  specimens  showing 
approximately  half  that  value.  The  yield  point  and  maximum 
compressive  stress  for  the  cast  aaterial  were  321  HPa  and 
419  HPa.  The  yield  point  for  the  warn  rolled  aaterial  was 
236  HPa.  In  both  cases  the  modulus  of  elasticity,  although 
siailar,  was  in  error  due  to  inaccuracies  in  computing 
machine  stiffness  and  settling.  However,  this  had  little 
influence  on  other  calculations.  The  maximum  compressive 
stress  was  taken  at  a strain  of  100X.  Beyond  this  strain, 
triaxial  conditions  could  influence  the  results. 
Additionally,  it  asst  be  reaenbered  that  these  results  were 
based  on  cospression  tests,  where  necking  had  no  influence. 
The  aaxisus  coapressive  stress  for  the  warm  rolled  aaterial 
was  368  HPa  at  a strain  of  1Q0X.  The  strain-to-fracture  was 
one  of  the  sost  important  measures  of  success  in  warm 
rolling.  The  cast  speciaens  averaged  a strain** to- fracture 
of  16X  whereas  the  warm  rolled  speciaens  rarely  failed  at 
all.  Toughness  of  a aaterial  is  proportional  to  the  area 
under  the  stress-strain  curve.  Using  this  measure  of 
toughness  and  a final  strain  of  100X  for  the  warn  rolled 
aaterial,  there  was  a six-fold  increase  in  toughness 
produced  by  the  sura  working. 
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TRUE  STRAIN 


Pigur*  11  - TRUE  STRESS  - TRUE  STRAIN  CURVES  FORi  A 
CAST  SPECIMENS  B.  WARM  ROLLED  TO  150^  STRAIN. 


Neither  the  as  cast  speciaens  nor  the  vara  worked 
speciaens  exhibited  any  degree  of  anisotropy  in  coaprsssion 
testing.  figures  12  and  13  are  scanning  electron 
aicrographs  cf  the  aicrostructures  of  the  longitudinal  and 
transverse  directions  of  each  aaterial.  These  aicrographs 
correlate  with  the  test  results  of  isotropic  behavior. 

The  aarx  worked  speciaens  exhibited  strain  hardening 
which  was  absent  in  the  as-cast  condition.  This  strain 
hardening  was  assuaed  to  obey  a staple  power  law  curve. 

o = KeN  (2) 

M is  the  strain  hardening  exponent,  and  K is  a aaterial 
constant.  When  plotting  the  logaritha  of  stress  versus  the 
logariths  cf  strain,  the  strain  hardening  exponent,  N,  is 
the  resultant  slope.  Figure  14  is  such  a plot  which  shows 
data  points  for  all  warn  rolled  speciaens  at  rooa 
teaperature  for  strains  froa  4%  to  100%.  k least  sguares 
linear  regression  was  perforaed,  and  the  slope  was  found  to 
be  0.134.  This  would  indicate  that  the  onset  of  necking  in 
tension  would  occur  at  a strain  of  13. 4%  and  failure  at  soae 
higher  strain  (Bef . 4) . This  value  is  within  the  range  of 
coaaonly  used  structural  aaterials.  The  brittle  cast 
aaterial  had  been  refined  to  exhibit  strain  hardening  and 
aore  ductility. 


LONGITUDINAL  AT  1600X 


figure  12  - SCANNING  ELECTRON  MICROGRAPHS  OF  AL-17.  Sit.  JtCO 
ALLOT  IN  THE  AS  CAST  CONDITION. 


Figure  13  - SCANNING  ELECTRON  MICROGRAPHS  OF  AL-17 . 5Wt . %CU 
ALLOY  AFTER  WARM  ROLLING  TO  A TRUE  STRAIN  OF  150%. 


41 


On*  final  not*  about  th«  rook  temperature  properties  is 
in  order.  Ib*  failure  aechanisn  of  the  as-cast  specimens 
mas  revealed  by  the  scanning  electron  microscope.  figure 
151  shows  the  sicrostructure  of  an  as-cast  specimen  that 
failed  during  a compression  test  at  room  temperature.  The 
mechanism  of  failure  was  evidently  crack  propagation  through 
the  brittle  internetallic  skeletal  structure.  Hany  cracks 
can  be  seen  in  this  micrograph.  Figure  15B  is  presented  for 
ccepariscn.  This  is  a scanning  electron  micrograph  of  a 
warm  worked  specimen  that  was  tested  in  compression  and  did 
not  fail.  It  lacks  the  brittle  structure  that  caused  the 
as-cast  material  tc  fail. 

Generally , the  warm  worked  material  possessed  properties 
at  room  temperature  that  were  more  amenable  to  engineering 
applicaticns  than  the  as  cast  material.  Enhanced  toughness 
was  the  major  asset.  It  was  obtained  at  the  expense  of 
yield  strength  and  hardness.  The  warm  worked  material  also 
exhibited  strain  hardening  which  was  an  added  benefit.  The 
final  product  of  this  research  possessed  moderate  strength 
and  high  ductility  at  room  temperature. 
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A. 

AS  CAST  AT  160 OX 


Figar«  15  - SCANNING  1LECTB0N  HICBOGBAPHS  OF  AL-17 . 5Nt. ECO 

ALLOT  AFTBB  COBPBBSSION. 

AN 
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C.  ELEVATE £ IEBPEB1T0BE  PROPERTIES 


It  vas  assuaed  at  tha  outset  that  flow  stress  aas  a 
function  cf  strain  rate  and  teaperature.  This  vas  not 
unvarrantcd  since  aluainua  exhibits  such  behavior.  It  vas 
assuaed,  in  particular,  that  this  behavior  vculd  follow  the 
equation  given  (Bef . 5)  • 

I * K(o/E)1/M  EXP(Q/RT)  (3) 

Sigaa  over  E is  the  aodulus-coapensated  stress,  H is  the 
strain  rate  sensitivity  exponent,  Q is  the  activation 
energy,  T is  the  absolute  teaperature,  B is  the  gas 
constant,  and  K is  a aaterial  constant.  The  strain  rate 
sensitivity  exponent,  H,  vas  found  by  holding  teaperature 
constant,  it  varied  froa  0.0  at  rooa  teaperature  to  0.27  at 
755°R.  Ibis  latter  value  is  indicative  of  the  onset  of 
saperplasticity.  B values  of  0.3  or  greater  are  associated 
vith  super plastic  behavior  (Befs.  1 and  6) . The  activation 
energy,  Q,  vas  found  by  holding  aodulus-coapensated  stress 
constant.  Values  obtained  for  activation  energy  also 
Indicated  the  onset  of  superplastic  behavior. 


US 
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The  coapressive  stress-strain  carves  obtained  at 
teaperatures  fros  300°K  to  755°R  were  analysed  to  generate 
the  flow  stress-tcnperature  corves  shown  in  figure  16.  The 
flow  stress  plotted  was  the  stress  at  a true  cospressive 
strain  cf  15%.  Bach  of  the  six  strain  rates,  corresponding 
to  the  six  cxc88head  speeds,  is  represented  by  a single 
carve.  Is  suggested  by  equation  3,  the  flow  stress  was 
inversely  proportional  to  teaperature  and  directly  related 
to  strain  rate. 

2.  Slfftij)  fiAlf  Sensitivity  gftBgflftfti 

Assusing  again  that  agnation  3 would  describe  this 
aaterial  behavior  and  holding  teaperature  constant,  the 
strain  rate  sensitivity  exponent,  B,  would  be  the  slope  of 
the  logarithi  of  stress  versus  the  logaritha  of  strain  rate 
plot.  figure  17  shows  this  data  plotted  for  each 
teaperature.  A least  squares  linear  regression  was 
perforsed  for  each  teaperature  which  resulted  in  the  strain 
rate  sensitivity  exponents  as  a function  of  teaperature. 
These  values  are  shown  in  figure  18.  The  exponents  approach 
a value  cf  0.11  at  550°K  and  then  approach  a value  of  0.3  as 
the  teaperature  approaches  the  aelting  poiat.  This  latter 
value  is  indicative  of  the  oaset  of  superplastic  behavior. 
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Pleura  16  - PLOW  STRESS  - TEMPERATURE  PLOT  FOR  A TRUE 
STRAIN  OP  .15  FOR  ALL  SIX  STRAIN  RATES. 
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Figure  18  - STRAIN  RATE  SENSITIVITY  EXPONENT.  N.  AS  A 
FUNCTION  OF  TEMPERATURE. 
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3.  Actliatj.00  energy 


figure  19  shows  the  aodulus  of  elasticity,  E , of 
alusinus  as  a function  of  teaperature  (Bef . 7) . In  order  to 
eliminate  the  teaperature  dependence  of  the  elastic  modulus 
froa  consideration  and  thereby  obtain  a true  activation 
energy  for  deforaation,  the  aodulus-coapensated  flow  stress 
was  plotted  as  a function  of  tenperature  as  shown  in  figure 
20.  This  figure  is  very  similar  to  figure  16  but  shows  a 
greater  variation  of  coapensated  flow  stress  between  varying 
strain  rates. 

figure  20  was  then  used  to  extract  teaperature  - 
strain  rate  data  for  constant  aodulus-coapensated  stress. 
The  natural  logaritha  of  the  strain  rate  was  plotted  as  a 
function  cf  reciprocal  teaperature  in  figure  21  froa  this 
data,  frca  eguation  3,  it  was  observed  that  the  resultant 
straight  line  slope  would  be  equal  to  the  activation  energy 
divided  by  the  gas  constant.  Twenty-two  different  values  of 
aodulus-ccapensated  stress  were  used  ranging  froa  0.00035  to 
0.C04.  Each  of  these  values  resulted  in  one  activation 
energy;  only  soae  resultant  curves  are  shown  in  figure  21. 
In  all  cases  a least  squares  linear  regression  was  per fora ed 
to  obtain  the  best  slope.  A distinct  change  of  slope  is 
observed  in  figure  21. 


Figure  20  - M0DULUS*C0MPENSATED  PLOW  STRESS  VERSUS 
TEMPERATURE  FOR  THE  SIX  DIFFERENT  STRAIN  RATES  APPLIED. 
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3. St  XIB4-3 


SYMBOL  STRESS 


Pi«ur*  21  - NATURAL  LOGARITHM  OP  THE  STRAIN  RATE  VERSUS 
THE  INVERSE  TEMPERATURE  POR  A CONSTANT  COMPENSATED  STRESS 
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The  activation  energies  obtained  froa  figure  21  were 
plotted  as  a function  of  aodulus-coapensated  stress,  as 
shown  in  fig  ere  22.  This  curse  shows  three  distinct  regions 
of  behavior.  At  high  aodulus-coapensated  stress,  above 
0.0012,  the  activation  energy  was  nearly  constant  with  a 
value  of  27  KCal  per  sole.  This  was  roughly  the  value  that 
is  associated  with  pipe  diffusion  in  pure  aluainua  (Bef.  5). 
At  coapensatcd  stresses  between  0.0006  and  0.001  the 
activation  energy  rose  to  a value  of  37  Real  per  sole.  This 
value  correlates  well  with  the  activation  energy  for  self 
diffusion  in  pure  aluainua  (Bef.  8).  In  pure  aluainua  these 
arc  the  only  two  regions  found.  The  drop  observed  in  figure 
22  at  aodulus-coapensated  stresses  below  0.0006  has  no 
correlation  with  aechanisas  in  pure  aluainua.  This  decrease 
in  activation  energy  is  , however,  associated  with  the  onset 
of  superplafeticity  (Bef.  4) . 

The  activation  energy  was  plotted  as  a function  of 
teaperature  for  three  different  strain  rates  in  figure  23. 
Here  again  three  regions  of  behavior  were  observed. 
Additionally,  a greater  strain  rate  causes  the  teaperature 
to  be  higher  before  the  aechanisas  change.  At  the  lowest 
strain  rate,  the  transition  (to  the  activation  energy 
associated  with  the  onset  of  superplasticity)  occurs  at  a 
auch  lower  teaperature  than  at  the  higher  strain  rates. 
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ACTIVATION  ENERGY  (KC&l/Mole) 


Figure  22  - THE  ACTIVATION  ENERGY  AS  A FUNCTION  OF 
MODULUS^COMPSNSATED  FLOW  STRESS. 


FlfUlta  23  - THE  ACTIVATION  ENERGY  AS  A FUNCTION  OF 
TEMPERATURE  FOR  THREE  DIFFERENT  STRAIN  RATES. 


0 


DISC0SS2GR 


1 nearly  ideal  engineering  aatecial  would  have  high  rooa 
teaperature  strength,  with  strain  hardening  and  high 
toughness,  but  it  would  be  easily  fornable  at  elevated 
temperatures.  This  latter  property  has  been  the  object  of 
extensive  research  into  superplasticity.  Few  saterial 
scientists  have  investigated  both  roca  tenpezature 
properties  and  superplasticity.  This  discussion  will 
present  current  research  in  these  areas  and  the  expectations 
of  further  research. 

. 

loos  teaperature  properties  should  be  a aajor  concern  in 
any  research  effort.  This  has  not  been  the  case,  however, 
in  efforts  to  achieve  and  understand  superplasticity.  Tield 
stress  is  increased  by  several  sethods.  Three  of  these 
aethods  apply  to  aicrostructural  refiaeaent  of  a eutectic 
binary  alloy.  The  Ball-Fetch  relationship  shows  that  yield 
strength  is  inversely  proportional  to  the  grain  sixe  (Bef. 
9). 

°y  * ai  * Kd”1/2  (4) 

sigaa  I is  the  yield  stress,  Sigaa  i is  the  average  yield 
strength  of  a single  grain,  and  K is  a aaterial  constant. 
The  grain  size  is  givea  by  d.  This  indicates  that  a finer 
grain  size,  which  could  be  achieved  by  aore  vara  rolling, 
would  result  in  a greater  rooa  teaperature  yield  strength. 
The  Sener-BcLeaa  relationship  indicates  that  a saaller 
particle  size  aad  a greater  iateraetallic  voluae  fraction 
would  decrease  the  overall  grain  size  (Bef.  10). 


d « 4R/3F  (5) 


Here,  r is  the  voluae  fraction  of  interaetallic  and  8 is  the 
average  interaetallic  particle  size.  The  grain  size  , d,  is 
the  result.  This  relationship  indicates  that  the  grain  size 
can  he  reduced  by  increasiag  the  voluse  fraction  or  reducing 
the  particle  size  and  results  in  a greater  yield  strength 
according  to  the  Ball-Petch  relationship.  A third  way  to 
inprove  the  rooa  tesperature  properties  is  shown  by  assuaing 
a dispersion  strengthening  relationship  (Ref . 9) . 

oy  = oQ  + 46b/ 1 (6) 

The  closest  distance  between  particles  is  1,  The  closest 
distance  between  particles  is  1,  b is  the  burgers  vector , 
and  6 is  the  shear  aodulus.  This  relationship  indicates 
that  the  yield  stress  is  inversely  proportional  to  the 
interaetallic  particle  spacing.  The  specific  relationship 
for  the  vara  rolled  aicrostructure  is  unknown;  however,  all 
such  theories  predict  higher  strength  for  a finer 
aicrostructure.  Suaaarizing,  the  rooa  teaperature  yield 
stress  would  be  ezpected  to  increase  with  finer  grain  size, 
greater  interaetallic  voluae  fraction,  and  a greater  nunber 
of  interaetallic  particles. 

Presently,  only  one  aajor  research  effort  has  been  aade 
to  correlate  rooa  teaperatare  properties  to  superplasticity. 
This  research  was  doae  by  Sherby  oa  ultra-high-carbon  steels 
(lef • 1) . This  work  produced  what  sight  be  classed  as  a 
super  aetal.  At  rooa  teaperature  it  has  the  strength  and 
ductility  of  espeasive  super  alloys,  but  at  high  teaperature 
it  is  superplastic,  lo  cos plate  research  of  Al-Cu  has  been 
done.  Cahccn  (lef.  6)  did  report  a rooa  teaperature  yield 
strength  of  22 0 IPs  la  teasloa  which  coa pares  well  with 
these  results  of  226  IPs  in  coapression.  Be  also  reported 
an  ultiaate  tensile  strength  of  341  IPs  at  191  elongation, 
since  this  research  was  done  in  coapression,  this  coapares 
well  with  results  of  315  IPs  at  a true  strain  of  0.2.  There 
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is  a need  for  aora  coaplata  resaarch  in  tha  araa  of  roon 
taaparatnra  propartias  as  a function  of  grain  siza  and 
composition  in  tha  wars  work ad  stata. 


Sopar plasticity  has  baan  a sub j act  of  sajor  rasaarch  for 
several  years.  Tha  ability  of  a satarial  to  fora  easily 
into  coaplaz  shapes  has  bacons  increasingly  important.  One 
of  tha  aost  widely  accepted  reguirenents  for  this  to  occur 
is  ultrafina  grain  siza  (Kefs.  1,  6 , and  11).  additionally, 
spherical  grains  seas  to  further  enhance  superplasticity 
(lef.  1) . although  this  phenoaenon  is  being  investigated 
intensely,  fas  researchers  agree  on  tha  exact  sachaniss  for 
this  behavior.  Ishby  and  Verral  (Bef.  12)  have  aodeled  data 
for  supsrplastic  behavior,  claiaing  grain  boundary  sliding 
with  diffusicnal  accomodation  as  tha  sachaniss.  Boat  agree 
that  grain  boundary  sliding  or  shearing  is  involved  but 
dais  other  accoapanying  aechanisas  (Ref.  11  and  13).  The 
overriding  iaportance  of  grain  size  is  acknowledged  in  all 
theories. 

Other  researchers  of  the  il-Cu  systea  have  reported 
findings  consistent  with  the  results  obtained  in  this 
research.  cahoon  (lef.  6)  produced  a slightly  finer 
aicrostructure  which  resulted  in  strain  rate  sensitivity 
exponents  that  approached  0.4.  This  coapares  well  with  the 
values  approaching  0.3  achieved  in  this  research  prcgraa. 
Holt  and  Backhofen  (lef.  11)  worked  with  a 33vt.ftCu  alloy 
which  resulted  in  strain  rate  sensitivities  approaching 
0.65.  This  value  indicates  coaplete  superplastic  behavior. 
Only  Cahoon  reported  soae  United  results  for  rooa 
teaperature  properties. 

Zt  would  sees  that  both  rooa  teaperature  properties  and 
superplasticity  can  be  enhanced  by  the  sane  naans. 
Increasing  the  voluae  fraction  of  intersetallic  and 
decreasing  the  grain  size  will  achieve  this  end.  Darn 
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aicrostructure  as  possible  would  result  in  high  yield 
0*1  strength  at  rooa  tesperature  and  extensive  superplasticity 

at  high  teaper'ature. 


If.  CfllfifcgglQIS  AMU  iKABHIMIIMS 


The  facilities  at  tha  aatacial  science  laboratory  vara 
sufficient  fee  refining  tha  alu sinus-copper  alcroatractura 
through  aara  rolling.  Although  cloaa  control  could  not  ba 
azarciaad  evar  atrain  rata  or  tenperature,  thara  was 
aufficiant  ranga  in  tha  alloy  charactariatica  to  overcoae 
thia  ahcrtcoaing.  Xha  aicroatructura  that  raaultad  vaa 
coapoaed  of  a fina  dlaparaiou  of  intaraatallic  particlaa  in 
an  aluainua  aatriz. 

lha  rooa  taaparatura  properties  which  raaultad  froa  thia 
rafinad  aicroatructura  ware  an  iaprovenent  over  tha  as-cast 
properties.  This  iaproveaent  was  priaarily  in  enhanced 
ductility  and  tha  resultant  increase  in  toughness,  lo  other 
researchers  have  reported  these  results,  or  for  that  aattar, 
haws  investigated  these  areas. 

Tha  onset  of  suparplaaticity  was  obtained  in  the  wars 
rolled  notarial.  This  has  been  tha  najor  effort  of  other 
researchers.  Tha  results  obtained  in  this  research 
correlate  well  with  these  other  research  efforts. 

Although  an  analysis  of  rooa  tenperature  properties 
versus  high  tenperature  properties  for  various  coapositions 
and  vara  worked  conditions  was  not  accoaplished,  the 
following  effects  would  be  anticipated.  Yield  strength 
would  iacresse  with  a finer  aicrostructure.  Ductility  and 
toughness  would  continue  to  increase  with  a greater  degree 
of  warn  working.  Superplasticity  at  elevated  tenperature 
would  continue  to  increase  as  nore  copper  is  added  and  a 
finer  grain  size  is  achieved. 


It  la  recoaaended  that  a heated  aztrusion  press  ba  used 
in  future  vara  working  to  insure  the  the  greatest  control 
possible  over  the  vara  working  conditions.  In  this  way  the 
reguired  aicrostructure  could  be  achieved  and  the  resultant 
properties  analysed.  This  aethod  would  also  produce  billets 
readily  usable  for  tensile  testing,  thus  avoiding  scae  of 
the  pitfalls  cf  coapression  testing.  The  original  goal  of 
this  research  prograa  was  not  achieved.  The  ground  work  for 
forther  research,  however,  has  been  laid.  It  is  recoaaended 
that  this  research  continue  with  the  hope  that  an  ultiaate 
vara  working  procedure  can  be  developed  which  will  result  in 
high  rooa  teaperature  strength,  ductility,  and  toughness  and 
superplasticity  at  elevated  teaperatures. 
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